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Effect of diuretics on cell potassium transport: An electron microprobe
study. To study the short-term uptake of potassium across the basolat-
eral membrane into individual tubule cells, rubidium was used and
measured by electron microprobe analysis [1]. Changes of rubidium
uptake were interpreted to reflect altered sodium entry and basolateral
Na-K-ATPase activity. The effects of hydrochlorothiazide, amiloride
and furosemide were determined in saline-loaded animals. Hydrochlo-
rothiazide inhibited rubidium uptake in proximal convoluted and distal
convoluted tubule cells. The effect was largest in distal convoluted
tubule cells. Amiloride reduced rubidium uptake in principal cells as
well as in proximal convoluted, distal convoluted and connecting tubule
cells. Furosemide depressed rubidium uptake in distal convoluted
tubule cells, but increased uptake in principal cells. Rubidium uptake
into intercalated cells was not affected by any of the diuretics used.
Hydrochlorothiazide and amiloride altered rubidium uptake also in cells
not associated with the maln diuretic action. These effects of hydro-
chlorothiazide and amiloride may be due to interference with cell
transport mechanisms of Na-H and anion exchange.
The distal convolution is an important site of action of several
diuretics [2]. The term "distal convolution" denotes the portion
of the nephron which comprises the distal convoluted tubule
made up of distal convoluted tubule cells, the connecting tubule
consisting of a mixture of connecting tubule and intercalated
cells, and the initial collecting duct lined by principal and
intercalated cells [3]. This cell heterogeneity and the fact that
the transition between individual tubule segments in the rat is
not abrupt [4] limits the use of in vivo and in vitro microperfu-
sion methods to assess in detail the cellular mechanisms of
action of diuretics.
To address the problem of diuretic actions in individual distal
tubule cells we have used electron microprobe analysis on
freeze-dried cryosections of the renal cortex and monitored the
effect of three classes of diuretics on the uptake of rubidium into
the different cells lining the subsegments of the distal convolu-
tion. Rubidium is an accepted marker ion for potassium trans-
port [5]. In previous studies we have shown that initial cell
uptake rates of rubidium into distal tubule cells, following a
systemic bolus injection, reflect largely basolateral rubidium
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influx related to the activity of the Na-K-ATPase and rubidium
entry via passive transport pathways [1].
Stimulation of sodium absorption along the distal convolution
by increasing distal sodium delivery markedly enhances rubid-
ium uptake into sodium-absorbing cells of this nephron segment
[1]. We thus reasoned that diuretics, by inhibiting sodium entry
in specific tubule cells, should reduce active sodium extrusion
across the basolateral membrane and consequently rubidium
uptake by the Na-K-ATPase. In addition to hydrochlorothiaz-
ide and amiloride, known inhibitors of sodium absorption in the
distal convolution, we also tested the ioop diuretic furosemide,
because micropuncture data suggest that this compound inter-
feres with sodium absorption not only in the diluting segment
but also in the distal convolution [6]. We further studied the
effect of an increased sodium delivery on rubidium uptake in
nephron segments distal to the target site of diuretics.
Methods
Preparation of animals, infusion protocols and injection of
rubidium chloride
The experiments were performed on male Wistar rats
(SAVO, Kisslegg, FRG) that were allowed free access to a
standard rat pellet diet (Altromin, Lage, FRG; potassium and
sodium contents: 0.16 and 0.09 mollkg) and tap water. On the
day of study the animals were anesthetized by i.p. injection of
mactin (Byk-Gulden, Konstanz, FRG; 100 to 120 mg/kg body
wt) and placed on a thermoregulated operating table to maintain
body temperature at 37°C. The trachea, the right jugular vein (2
catheters), and the left femoral artery and vein were cannulated
with polyethylene catheters. The left kidney was exposed via a
flank incision, placed in a plastic cup, freed of adherent fat and
connective tissue and kept under warm paraffin oil (38°C). The
ureter was catheterized for the collection of urine specimens.
Five groups of animals were studied:
Group 1. Sodium-loaded controls (N = 6). A solution with
270 m sodium chloride and 20 m potassium chloride was
given at a rate of 25 mI/hr/kg body wt. The rationale of this
infusion protocol was to increase distal sodium delivery as well
as sodium absorption and potassium secretion along the distal
convolution and to thus stimulate cell rubidium uptake in
sodium-absorbing distal tubule cells [1].
Group 2. Hydrochlorothiazide (N = 7). The same infusion
protocol was used as in group 1. Hydrochlorothiazide (bolus
injection: 10 mg/kg body wt, continuous infusion: 30 mg/hr/kg
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body wt in isotonic saline (Sigma, Deisenhofen, FRG) was
given as an additional intravenous infusion via the second
catheter inserted into the right jugular vein.
Group 3. Amiloride (N = 6). A solution with 290m sodium
chloride was given at a rate of 25 ml/hr/kg body wt. Amiloride
(bolus injection: 1.5 mg/kg body wt, continuous infusion: 3.0
mg/hr/kg body wt in isotonic saline; Sigma, Deisenhofen, FRG)
was administered as an additional intravenous infusion via the
second catheter.
Group 4. Furosemide-lO (N = 5). A solution containing 140
m sodium chloride and 10 m potassium chloride was infused
at a rate of 12 mI/hr/kg body wt. Furosemide was given (10
mg/hr/kg body wt) as a continuous intravenous infusion. During
administration of furosemide the infusion rate was raised to 30
mi/hr/kg body wt to balance increased renal fluid losses.
GroupS. Furosemide-20 (N = 7). The same infusion protocol
as in group 4 (furosemide-lO) was used except for a higher dose
of furosemide (20 mg/hr/kg body wt as continuous intravenous
infusion).
The infusion solutions were given for 140 minutes. In groups
2 to 5 the various diuretics were administered during the final 20
minutes of the experiment. To assess inulin clearances each
animal received polyfructosan (mutest, Laevosan, Linz, Aus-
tria) at a rate to achieve plasma inulin concentrations between
40 and 60 mg/lOO ml (bolus injection: 0.15 g/kg body wt,
continuous infusion: 0.3 to 0.4 g/hr/kg body wt). Urine was
collected during the last 10 minutes before shock-freezing the
kidney (see below) for the measurements of flow rate, polyfruc-
tosan, electrolytes and osmolality. Arterial blood samples were
collected at the beginning and at the end of the clearance
period.
At the end of the experiment the renal surface was rinsed
several times with warm (38°C) isotonic saline. Subsequently,
rubidium chloride (0.50 mmol/kg body wt) was administered as
a continuous intravenous infusion via the right femoral vein for
30 seconds [1]. Then the kidney was rapidly removed from the
animal and shock-frozen in a 3:1 propane/isopentane mixture
(— 196°C).
Preparation of freeze-dried cryosections and determination of
electrolyte contents
Cryosections, about 1 sm thick, were cut in a modified
ultracryomicrotome (Ultrotome V. LKB, Broma, Sweden)
from the frozen tissue at —90°C, sandwiched between a cob-
dion and a formvar film and freeze-dried at —80°C and 10—6
Torr. Microprobe analysis of the freeze-dried sections was
performed in a scanning transmission electron microscope (S
150, Cambridge Instruments, Cambridge, UK) with an energy-
dispersive X-ray detecting system (LINK Systems, High Wy-
combe, UK). Areas of about 1 sm2 were scanned within the
nuclei of the different tubule cell types and the emitted X-rays
analyzed in the energy range between 0 and 20 keV (accelera-
tion voltage: 20.0 kV, probe current: 0.3 nA, counting time: 100
seconds). The rationale for restricting the analyses to the cell
nuclei as well as the criteria for distinguishing between the
different tubule cell types have been described previously [7, 8].
Two types of intercalated cells were distinguished on the basis
of their different chloride contents as described previously [9].
The cell element contents were calculated in mmol/kg dry wt
from the peak/continuum ratios according to Hall [10].
Chemical analyses
Sodium and potassium concentrations in plasma and urine
were measured by flame photometry (IL, Lexington, Massa-
chusetts, USA). Urine osmolality was determined by vapor
pressure osmometry (Wescor, Logan, Utah, USA), inulin in
plasma and urine by the anthrone method of Fuhr, Kaczmarc-
zyk and Krüttgen [11]. Clearance data for sodium, chloride and
potassium were calculated using standard formula.
Presentation of data and statistical analysis
The data are presented as means SEM. Statistical compar-
isons between the different experimental groups were carried
out in two steps: First, one-way analysis of variance was
performed, then differences between individual groups were
tested in a second step by t-test using significance levels
appropriately adjusted according to Bonferroni's correction for
multiple comparisons [12]. The means of the data obtained by
electron microprobe analysis in a specific cell type in one
kidney were used for comparing cell element contents between
the different experimental conditions.
Results
Effect of diuretics on whole kidney function
The effects of different diuretics on renal function are sum-
marized in Table 1. Compared to control sodium-loaded rats
(group 1) urine flow rates were significantly elevated in animals
treated with either hydrochlorothiazide (group 2) or furosemide
(groups 4 and 5), whereas administration of amiloride did not
further enhance urine flow. With the exception of furosemide
which moderately reduced glomerular filtration rate, hydrochlo-
rothiazide and amiloride did not affect the inulin clearance.
Renal potassium excretion, already stimulated by infusion of
hypertonic sodium chloride (group 1) [1], was not further
augmented by hydrochlorothiazide (group 2) or furosemide
(groups 4 and 5), but sharply curtailed by the administration of
amioride (group 3). Fractional sodium excretion, typically
elevated by hypertonic sodium chloride infusion [1], was even
further increased by hydrochlorothiazide (groups 2) and furo-
semide (groups 4 and 5). Amioride (group 3) did not further
stimulate urinary sodium excretion. Compared with animals of
group 1 (hypertonic saline) and group 3 (amioride), hydrochlo-
rothiazide-treated animals exhibited significantly enhanced
fractional chloride excretion. An even more pronounced effect
on fractional chloride excretion was achieved by furosemide
(groups 4 and 5). Urine osmolality was not changed in amilo-
ride- and thiazide-treated rats (groups 1 to 3), but was signifi-
cantly reduced by furosemide (groups 4 and 5).
Effect of diuretics on rubidium uptake in individual renal
tubule cells
Table 2 summarizes data on the effect of diuretics on rubid-
ium contents determined in individual tubule cells immediately
after a 30-second intravenous rubidium chloride infusion. These
data represent rates of net rubidium uptake in specific tubule
cell types of the renal cortex as described previously [1]. As
demonstrated previously such initial uptake rates are linear
with time and provide an estimate of basolateral unidirectional
rubidium influx [1]. To amplify the effect of diuretics sodium-
loaded animals were used as controls, because under this
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Table 1. Effect of different diuretics on parameters of renal function
(1)
Sodium
loading
(2)
Hydrochloro-
thiazide
(3)
Amiloride
(4)
Furosemide-lO
(5)
Furosemide-20
Urine flow rate 32.1 1.6 43.0 3.2a 30.3 3.3 75•7 98.0 92a,b,c
pJ/min/IOO g
body wt
Glomerular 0.59 0.03 0.53 0.02 0.57 0.02 0.47 003a,C 0.47 0.02
filtration rate
ml/min/JOO g
body wt
Fractional 62.3 4.8 66.5 3.1 7.5 09a,b 62.1 4.20 69.3 4.80
potassium
excretion %
Fractional sodium 10.1 0.3 14.5 0.8k 10.8 0.7" 16.8 loa,0 18.9 l6a,0
excretion %
Fractional chloride 13.4 0.5 17.0 l.la 11.6 07b 25.0 l.4a0 29.1
excretion %
Urine osmolality 649 18 596 32 654 38 312 l3,b,C 295 6°"°
mOsm/kg
Number of animals 6 7 6 5 6
Values are means SEM.
a Significantly different from corresponding value of group 1 animalsb Significantly different from corresponding value of group 2 animals
C Significantly different from corresponding value of group 3 animals
The data obtained in group 5 (20mg furosemide/hr/kg body wt) were not significantly different from the corresponding values of group 4 animals
(10 mg furosemide/hr/kg body wt). P values < 0.0125 were considered to indicate statistically significant differences.
Table 2. Effect of different diuretics on rubidium contents (mmol/kg dry wt) of renal tubule cells
(1)
Sodium
loading
(2)
Hydrochloro-
thiazide
(3)
Amiloride
(4)
Furosemide-lO
(5)
Furosemide-20
Proximal convoluted 105.6 4.2 82.4 2.2a 72.3 26a,b 95.8 28b,c 103.4 7.4"°
tubule cells (6/50) (7/77) (6/65) (5/49) (6/50)
Distal convoluted 322.1 12.2 199.6 7•3a 244.8 73a 276.3 l2.7"° 229.9 12.3a.1
tubule cells (6/70) (7/94) (6/87) (5/50) (6/56)
Connecting tubule 224.1 10.0 197.2 8.4 142.9 3Øb 228.4 11.4C 230.8 12.10
cells (6/45) (7/48) (6/58) (5/40) (6/36)
Principal cells 192.8 8.2
(6/61)
184.4 9.3
(7/61)
108.4 5•5a,b
(6/81)
188.2 13.10
(5/32)
229.5 10•6a.b,c
(6/49)
Intercalated cells, 14.5 2.5 12.1 1.0 12.2 1.3 12.1 1.3 14.8 0.5
type I (6/29) (7/50) (6/33) (5/31) (6/38)
Intercalated cells, 15.1 1.6 11.3 0.9 10.5 1.1 12.3 1.0 13.0 0.8
type II (6/34) (7/48) (6/34) (5/35) (6/41)
Values are means SEM; the number of animals and cells is given in parentheses (animals/cells).
a Significantly different from corresponding value of group I animals
"Significantly different from corresponding value of group 2 animals
C Significantly different from corresponding value of group 3 animalsd Significantly different from corresponding value of group 4 animals
P values <0.0125 were considered to indicate statistically significant differences; Group 4 and 5 animals received 10 and 20mg furosemide/hr/kg
body wt, respectively.
condition sodium and potassium transport—and hence cell
rubidium uptake—are markedly stimulated in sodium-absorbing
distal tubule cells [1].
Administration of hydrochlorothiazide (group 2) and amilo-
ride (group 3) significantly reduced rubidium uptake in proximal
convoluted tubule cells. In contrast, the rate of rubidium entry
was unchanged by furosemide (groups 4 and 5).
Rubidium uptake in distal convoluted tubule cells was signif-
icantly diminished by all diuretics. This inhibition was most
pronounced after hydrochiorothiazide. Figure 1 shows energy-
dispersive X-ray spectra in distal convoluted tubule cells of
control (group 1) and hydrochlorothiazide-treated rats (group
2). It is apparent that rubidium uptake is reduced by hydrochlo-
rothiazide. The diminished uptake of rubidium is associated
with a larger potassium signal indicative of the observation that
the sum of potassium and rubidium remained constant.
Furosemide diminished the rate of rubidium entry in distal
convoluted tubule cells in a dose-dependent manner: doubling
the dose of the loop diuretic from 10 (group 4) to 20 mg/hr/kg
body wt (group 5) induced a significant reduction of cell
rubidium uptake.
In contrast to amiloride (group 3), neither furosemide (groups
4 and 5) nor hydrochlorothiazide (group 2) significantly reduced
rubidium uptake in connecting tubule or principal cells. On the
Amloride
Fig. 2. Energy-dispersive X-ray spectra obtained in principal cells in control animals receiving hypertonic saline Lv., after administration of
amiloride, and after furosemide.
contrary, rubidium uptake in principal cells was modestly but
significantly enhanced by the higher dose of furosemide (group
5). Figure 2 compares the effects of amiloride and furosemide
on rubidium uptake. Whereas diminished rubidium uptake was
apparent in amioride-treated animals, uptake was augmented
after furosemide treatment.
Rubidium entry in both type I and type II intercalated cells,
which are characterized by high and low cell chloride contents
[9] proceeded very slowly and was not affected by any of the
diuretics investigated.
Discussion
The natriuretic action of diuretics is the consequence of
inhibition of specific mechanisms involved in sodium movement
across tubular cells. It is now recognized that blocking sodium
reabsorption at a given nephron site is often associated with
increased sodium transport distal to the site of diuretic action,
an effect due to the delivery of increased amounts of sodium
and fluid to tubule segments with unsaturated sodium transport
mechanisms not affected by the diuretic [2, 13].
Transcellular sodium absorption involves passage of sodium
ions across two cell membranes in series. First, sodium enters
tubule cells via sodium channels or transport molecules cou-
pling sodium to the co- or countertransport of other solutes
along a favorable chemical and/or electrical potential gradient.
A large body of evidence suggests that most diuretics act by
inhibiting sodium entry across the apical cell membrane [14].
Second, sodium exits across the basolateral cell membrane by
active, ATP-dependent Na-K exchange [14]. According to this
concept, a decrease of apical sodium influx should compromise
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basolateral active Na-K exchange. Since short-term rubidium
uptake into tubule cells is a reasonable index of potassium
influx associated with Na-K-ATPase activity [1], target cells of
diuretics should respond with reduced rubidium uptake.
Electron microprobe methods are useful for measuring rubid-
ium uptake into individual tubule cells after short-term expo-
sure of the kidney to this marker ion of potassium [1]. Because
the transit time of tubule fluid from the glomerulus to the distal
convolution is relatively long, in the range of 30 to 50 seconds,
rubidium entry into tubule cells, measured before the bulk of
filtered rubidium has reached the distal convolution, occurs
predominantly by basolateral transport mechanisms, especially
active Na-K pumping [1]. We have previously proposed that
rubidium uptake across the basolateral cell membrane may
involve three transport pathways. First, active uptake via
Na-K-ATPase, second, transport via K-Cl cotransport, and
third by electrodiffusion via potassium-selective ion channels
[1]. Although our method does not allow distinction between
these transport routes, it is virtually certain that an important
component of rubidium uptake corresponds to basolateral Na-
K-ATPase activity. This view is supported by the tight relation-
ship between rubidium uptake and Na-K-ATPase activity along
the nephron and by the observation that following increased
distal sodium delivery rubidium uptake is augmented in those
cells known to mediate the elevated sodium transport rates [1].
Our results demonstrate that hydrochlorothiazide and furo-
semide significantly decrease rubidium uptake into distal con-
voluted tubule cells. The thiazide effect agrees well with in vivo
microperfusion data, demonstrating markedly suppressed so-
dium absorption by thiazides in the early distal tubule [15,
161—that part of the distal convolution predominantly com-
posed of distal convoluted tubule cells. Evidence was obtained
by others that the thiazide-induced reduction of distal tubule
sodium absorption is due to blockade of Na-Cl cotransport in
the apical membrane of tubule cells lining the distal convolution
[17, 181. The present experiments confirm the results of micro-
perfusion experiments [6, 15, 16, 18] and localize the action of
thiazide-diuretics directly to the distal convoluted tubule cell.
Based on in vitro perfusion experiments and using electro-
physiological techniques, Velazquez concluded that thiazides
act on the distal convoluted tubule of the rabbit [18]. On the
other hand, Shimizu et a! were unable to observe inhibition of
unidirectional chloride fluxes by thiazides (trichiormethiazide)
in the same nephron segment of the same species, but noted a
significant inhibitory effect of thiazides on the connecting tubule
[19]. Our data indicate that in the rat hydrochlorothiazide has a
major effect on ion transport in distal convoluted tubule cells.
Furosemide, an agent inhibiting Na-2Cl-K cotransport and
rubidium uptake in the thick ascending limb [20, 21], signifi-
cantly reduced rubidium uptake in distal convoluted tubule
cells. This effect was dose-dependent, since the inhibitory
action of the loop diuretic was only observed at the higher dose
(Table 2). Microperfusion studies have also indicated that
furosemide impairs sodium transport in superficial distal tu-
bules of the rat nephron [6, 17]. The present studies demon-
strate that the distal convoluted tubule is an additional and
significant target site of furosemide. The precise mechanism of
this inhibitory effect is not known, but the most likely explana-
tion may be an inhibitory effect of furosemide on the putative
Na-Cl cotransport in the apical membrane of distal convoluted
tubule cells [221. A second possibility is the presence of a
Na-2C1-K cotransporter in the apical membrane of distal con-
voluted tubule cells similar to that in the thick ascending limb of
Henle [20]. This possibility seems, however, remote, because
bumetanide, a very specific inhibitor of Na-2C1-K cotransport,
does not reduce net solute transport in the distal convolution
[6].
We also noted a significant increase of rubidium uptake into
principal cells after furosemide administration (Table 2. Fig. 2).
This observation is consistent with the known transport stimu-
lation that follows the delivery of larger loads of sodium-
containing tubular fluid to nephron segments downstream of the
main target sites of loop diuretics [2, 13].
Amiloride mainly acts on principal cells of the distal nephron
by blocking Na channels in the apical membrane [23, 24]. Our
observation of a very significant fall of basolateral rubidium
uptake after amiloride supports the interpretation that basolat-
era! Na-K-ATPase activity is reduced after curtailment of apical
sodium entry. Consistent with an apical site of action of
amiloride is the observation of a fall in cell sodium activity
following amiloride administration in single collecting tubule
cells of Amphiuma, a cell type sharing many properties of
principal cells in the mammalian distal nephron [25]. In addi-
tion, electron microprobe studies in the frog skin have demon-
strated a significant amiloride-induced decline of cell sodium
concentration that coincided with the abrupt fall of net sodium
transport [26].
We have also observed inhibition of rubidium uptake into
cells of the nephron that are not the main site of action of some
of the diuretics used in the present study. Thus, hydrochlorothi-
azide had a marked inhibitory effect on rubidium uptake in
proximal tubule cells, whereas amiloride interfered with rubid-
ium uptake in all but intercalated tubule cells.
Two mechanisms may explain the observation that hydro-
chlorothiazide impaired rubidium uptake in proximal tubule
cells. First, hydrochlorothiazide has been shown to have an
inhibitory action on carbonic anhydrase which is present in high
concentrations in proximal convoluted tubule cells [18, 27].
Thus, thiazides may decrease sodium transport secondary to
curtailment of Na-H exchange and bicarbonate reabsorption.
Second, chloride-anion exchange mechanisms in the apical
membrane of proximal tubule cells could also be compromised
following thiazide administration [28]. Such anion exchange, in
parallel with Na-H countertransport, accounts for a large frac-
tion of proximal sodium chloride reabsorption [28, 29]. Since
thiazides can inhibit anion exchange mechanisms in a variety of
tissues, including distal tubules of Amphiuma [30], these diuret-
ics could also interfere with apical, coupled Cl-anion/Na-H, that
is, Na-Cl transport. Indeed, an inhibitory effect of thiazides on
proximal reabsorption of sodium chloride and fluid has been
demonstrated [31, 32].
Somewhat unexpectedly, amiloride inhibited rubidium up-
take into tubule cells other than principal cells, the cell type
thought to be involved in mediating its diuretic effect [33].
Although the reduction of rubidium uptake was largest in
principal cells, smaller but significant effects were noted also in
proximal convoluted tubule, distal convoluted tubule and con-
necting tubule cells (Table 2). In a previous study, we also
observed a significant reduction of preferential rubidium/potas-
sium accumulation in all but intercalated tubule cells during
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acute amiloride administration [34]. The mechanism by which
rubidium uptake is diminished in tubule segments other than
those containing principal cells is uncertain. The presence of
sodium-selective channels in the apical membrane of the pars
recta of proximal tubules in rabbits [35] raises the possibility
that amjlorjde could interfere with sodium entry and, second-
arily, compromise Na-K-ATPase activity and basolateral rubid-
ium uptake.
It is also possible that amiloride affects cell rubidium uptake
by its inhibitory action upon the ubiquitous cell Na-H ex-
changer. Such a mode of action is likely, because reduced
rubidium uptake was not confined to cells having apical sodium
channels. We have proposed previously that amiloride-induced
cell pH changes could affect the properties of basolateral cation
channels such that retention of rubidium is impeded [34]. This
mode of action would circumvent the necessity to postulate a
direct inhibitory effect of amiloride upon basolateral Na-K
transport. Such inhibition is unlikely, because at the plasma
concentrations resulting from systemic amiloride administra-
tion sodium transport is reduced only in the initial and cortical
collecting duct, that is, the nephron segment containing princi-
pal cells.
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